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subunit; channel assembly; single molecule; fluorescence microscopy; dimer POTASSIUM CHANNELS ARE EXPRESSED ubiquitously in prokaryotic and eukaryotic cells, where one of their most prominent functions is to set the cell membrane potential (8) . Other physiological processes, critically dependent on K ϩ channel function, include among others cell volume regulation (9, 13) , migration (28) , proliferation (13, 14, 16, 22, 24) , and epithelial transport (7) . A K ϩ channel that is involved particularly in these latter processes is the Ca 2ϩ -sensitive K ϩ channel hK Ca 3.1 (10, 11) . Today, more than 70 mammalian K ϩ channel genes are known (www.iuphar-db.org). Most of them are tetrameric proteins and share a conserved sequence within the "pore loop" (3) . This general architecture also applies to K Ca 3.1 channels (4). The diversity of K ϩ channels is further increased by the fact that they frequently form heteromers composed of subunits from different K ϩ channel subfamily members (18) , or assemble with accessory ␤-subunits (17) . Although much is known about the structure of tetrameric potassium channels, the quantitative determination of the subunit composition of heterotetrameric K ϩ channels still remains a challenge. Several approaches have been applied to determine the stoichiometry of multimeric ion channels. Barrera et al. (1) unraveled the heteromeric composition of the ionotropic GABA A receptors by measuring the volume of single, antibody-labeled subunits with atomic force microscopy (AFM). However, this technique requires that the channel proteins are biochemically isolated and thereby separated from the cell membrane. For imaging with AFM the purified channel proteins must be bound to a mica substrate. A disadvantage of this method is that ion channel proteins are not visualized in their physiological environment.
The number of regulatory KCNE ␤-subunits in a KCNQ1/ KCNE1 K ϩ channel complex was measured in two-electrode voltage-clamp experiments by recording the effects of a chemically releasable K ϩ channel inhibitor (19) . Thus, only the cumulative effects on the ion channel population of a whole cell (Xenopus oocyte) were observed, limiting the possibility to make a statement with respect to the single-channel molecule.
Another approach to determine the subunit composition of a heterotetrameric N-methyl-D-aspartate receptor channel was made by counting the bleaching steps of green fluorescent protein fused to the respective subunits (33) . This technique has the advantage of permitting live-cell imaging of channel proteins residing in their physiological environment. However, its applicability is restricted to heterologously expressed and modified channels. Native membrane-bound channel proteins cannot be studied.
Previously, we described a method for detecting the K ϩ channel hK Ca 3.1 at the single molecule level with quantum dots (QDs) by means of fluorescence microscopy in the intact cell membrane (20) . These channels were expressed in transformed renal epithelial Madin-Darby canine kidney cells (MDCK-F) (21) . Their flat lamellipodium provides an almost two-dimensional cell structure in which individual hK Ca 3.1 channel molecules can be detected easily within the plasma membrane because background fluorescence is very low (26) . We have advanced this method now to study the assembly of heteromeric K ϩ channel proteins. The principle of our technique is the following. We generated an artificial "heteromeric" hK Ca 3.1 channel by coexpressing two differently tagged constructs. To this end, we introduced a hemagglutinin (HA) tag into the extracellular S3-S4 linker of "subunit A" (27) , and a V5 tag at the intracellular COOH terminus of "subunit B" (Fig. 1) . Coassembled channels were then identified by dual-color labeling with QDs of different colors. Our method also provides evidence that hK Ca 3.1 channels are assembled from preexisting homodimers.
MATERIALS AND METHODS
Materials. All reagents were of analytical grade. We used 10% goat normal serum (Sigma-Aldrich) in PBS for immunofluorescence staining and fetal bovine serum (FBS) from Biochrom (Berlin, Germany) for cell culture. QD565 conjugates with goat anti-mouse IgG, QD655 conjugates with goat anti-rat IgG, and primary anti-V5 antibodies (monoclonal mouse IgG, catalog no. R960-25) were from Invitrogen (Karlsruhe, Germany). Primary anti-HA antibodies (monoclonal rat IgG, clone 3F10) and Fugene 6 transfection reagent were from Roche Diagnostics (Mannheim, Germany). Anti-␣-tubulin antibodies (monoclonal mouse IgG, clone DM1A) and Cy3 conjugates of rabbit anti-mouse IgG for the control experiments were from Sigma-Aldrich and Jackson ImmunoResearch Laboratories, respectively.
Channel construct. To create artificial "heteromers" of the hK Ca3.1 channel in MDCK-F cells, we coexpressed two differently tagged hKCa3.1 channel constructs (Fig. 1, A and C) . They contained either an extracellular HA epitope (YPYDVPDYA; derived from the influenza virus hemagglutinin) inserted into the S3-S4 linker (27) , or a 14 amino acid V5 epitope (GKPIPNPLLGLDST; derived from paramyxovirus simian virus 5 lipooligosaccharide P K ) at the intracellularly located COOH terminus (Fig. 1) .
The hKCa3.1-V5 channel construct was generated by replacing the COOH-terminal HA tag of a previously used channel construct (27) with the V5 tag. To this end, the hKCa3.1 cDNA of the HA-tagged channel was amplified by means of PCR using the following primers: forward 5=-CCA CGG AAG CTG GCT GAG CCC C-3=, reverse 5=-TTC GAG CTG GGT CTC ATC TCG-3=. The V5 epitope was attached to the COOH terminus of hKCa3.1 by subcloning the obtained amplicon into pcDNA6.2/V5/GW/D-TOPO (Invitrogen). Subsequently, One Shot TOP 10 competent Escherichia coli (Invitrogen) were transformed according to the manufacturer's instructions. The resulting construct of 1,425 bp is referred to as hKCa3.1-V5/ pcDNA6.2. The modifications were verified by sequencing both cDNA strands.
To rule out that the intracellular HA tag of the construct shown in Cell culture. MDCK-F cells already expressing an hKCa3.1 channel construct with an extracellularly located HA epitope (27) were transfected with hKCa3.1-V5/pcDNA6.2 containing the intracellular V5 epitope using Fugene 6 (Roche) according to the manufacturer's instructions. The initial selection of stably transfected cells with 3.5 g/ml Blasticidin S was performed for 7 days. Blasticidin-resistant cells were then cloned by single cell dilution. The resulting cell lines were maintained in CO2/HCO 3 Ϫ -buffered minimal essential medium (pH 7.4) supplemented with 10% FBS, 600 g/ml geneticin and, 3.5 g/ml Blasticidin S at 37°C. Expression of the new channel construct was verified by means of immunofluorescence staining and Western blotting.
HEK293 cells cultured in DMEM supplemented with 10% fetal calf serum were transiently transfected with hKCa3.1-HA-S3_S4/ pcDNA3.3-TOPO and hK Ca3.1-V5/pcDNA6.2 using Fugene 6 according to the manufacturer's conditions. Twenty-four hours after the transfection, cells were plated on poly-L-lysine-coated coverslips. Cells were used for experiments (patch clamp or immunofluorescence) 48 h after the transfection. We used HEK293 cells transfected with one construct at a time for patch-clamp experiments and with both constructs for immunolabeling studies.
Western blot analysis. Cells grown to confluency were washed with PBS and then lysed with a buffer containing 5 mmol/l EDTA, 150 mmol/l NaCl, 1% Triton X-100, 50 mmol/l Tris·HCl, pH 7.5, 1 ng/ml Pefabloc SC ϩ , 5 l/ml protection solution, and 2 l/ml proteinase inhibitor cocktail (Sigma, Munich, Germany). Cell lysates were cleared by centrifugation. After SDS-PAGE (7.5%), proteins were blotted onto a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). After blocking, membranes were incubated with the primary anti-V5 antibodies (1:200, monoclonal mouse IgG) overnight at 4°C and horseradish peroxidase-conjugated secondary antibodies (1: 50.000, goat anti-mouse IgG) for 1 h at room temperature the next day. Finally, the blots were developed by use of an enhanced chemiluminescence system (Pierce, Bonn, Germany). Comparing to BioRad Precision Plus All Blue protein standard the blot shows the hKCa3.1-V5 channel signal at the expected position of ϳ50 kDa. (Fig. 1D) .
QD labeling. Cells coexpressing HA-and V5-tagged hKCa3.1 channels were seeded overnight on poly-L-lysine-coated glass coverslips for the experiments. First, the MDCK-F cells were equilibrated with HEPES-buffered Ringer solution (pH 7.4) at 37°for 1 h at ambient atmosphere. Cells were then put on ice and transferred to a cold room (4°C), washed five times with ice-cold PBS (pH 7.4) and incubated with primary antibodies against the extracellular HA epitope of the hK Ca3.1 channels (rat IgG 1:300) for 1 h at 4°C.
In parallel, control cells were incubated with primary anti-␣-tubulin antibodies (mouse IgG 1:50,000) to verify that the cells had not been permeabilized at this point. These control experiments were necessary to rule out the staining of hK Ca3.1-HA channel subunits at their second, intracellular HA epitope (Fig. 1A) .
After being washed five times, the cells were fixed with 3.5% paraformaldehyde (PFA) in PBS for 30 min at 4°C and another 30 min at room temperature. After being washed five times, the cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min at room temperature. Thereafter, the cells were washed again [five times in PBS (pH 7.4) at room temperature] and kept for 30 min in PBS supplemented with 100 mmol/l glycine. After being washed, the cells were blocked with goat normal serum (10% in PBS) for 1 h at room temperature and incubated with primary antibodies against the intracellular V5 epitope (mouse IgG 1:300) for 1.5 h at room temperature. The cells were then washed five times in PBS and incubated with secondary antibodies QD655 goat anti-rat IgG conjugates (1:50, directed against the ␣-HA antibody) and QD565 goat anti-mouse IgG conjugates (1:20, directed against the ␣-V5 antibody), for 2 h at room temperature. At the same time, control cells stained for anti-␣-tubulin (monoclonal mouse IgG) were incubated with Cy3-conjugated secondary antibodies (1:500; rabbit anti-mouse IgG). After the secondary antibodies were washed off (5 times with PBS), cells were incubated for 45 min in 3.5% PFA in PBS (pH 7.4).
The staining protocol for HEK293 cells could be simplified to some extent since the hK Ca3.1-HA-S3_S4/pcDNA3.3-TOPO construct only contained one HA tag located extracellularly. Consequently, the staining protocol began with the fixation and permeabilization steps and was followed by simultaneous staining of HA and V5 epitopes. Secondary antibodies contained Alexa488 and Cy3 fluorophores used for labeling HA-and V5-tagged channel subunits, respectively.
Microscopy and data acquisition. Immunofluorescence microscopy was performed with an inverted microscope (Axiovert 200, Zeiss, Oberkochen, Germany) equipped with a digital camera (model 9.0, RT-SE-Spot, Visitron, Puchheim, Germany) and a ϫ100, 1.45 oil immersion objective. Data acquisition and analysis were performed with Metavue software (Visitron). We used the following filters: QD565, 420 nm excitation, 565 nm emission (XF302-1 filter; Omega Optical, Brattleboro, VT); QD655, 420 nm excitation, 655 nm emission (XF305-1 filter; Omega Optical).
The average density of QD-labeling in the lamellipodium of MDCK-F cells was determined in three 6 m ϫ 6 m areas per cell and corrected for background density of QD-labeling from cell-free areas adjacent to the cells. After control cells were tested negative for anti-␣-tubulin (data not shown), those cells stained with secondary QD antibodies were taken for further analysis. The pixel with the highest fluorescence intensity was taken as the optical center of a QD. The distance between two QDs was then measured as the distance of their optical centers. Owing to pixel shift of 0.84 Ϯ 0.07 pixel (n ϭ 100) induced by instrumentation of the microscope and steric binding of primary and secondary antibodies to the channel (20), we considered QDs with distances of their optical centers of up to 2 pixels (equal to ϳ120 nm) as being colocalized on the same channel protein.
For simplicity, we will refer to dually labeled channels (red ϩ green) as "yellow," since this is the color in which they appear on the computer screen.
Patch-clamp experiments. Whole cell recordings were performed at room temperature using borosilicate glass pipettes (GC150TF-10, Clark Electromedical Instruments, Pangbourne, UK) connected to an EPC-10 amplifier (HEKA Electronics, Lambrecht, Germany). The typical electrode resistance was 4 -5 M⍀, while series resistance was in the range of 8 -15 M⍀. Series resistance compensation of Ͼ30% was routinely used. Voltage-clamp experiments on cultured cells were controlled by PatchMaster software (HEKA Electronics). Current amplitude was determined at the end of the depolarizing ramp protocol (5 s; Ϫ84 to ϩ56 mV; a liquid junction potential of Ϫ4 mV was taken into account). The current-voltage (I-V) relationship was obtained by assigning the reached potential to each point in time. The following recording solutions were used: 1) Extracellular solution (in mmol/l): 140 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, and 1 CaCl2, pH 7.4 with NaOH. 2) Intracellular solution (in mmol/l): 140 KCl, 10 HEPES, 1.3 EGTA, 1.217 CaCl2, and 1 MgCl2, pH 7.4 with KOH. The calculated free Ca 2ϩ concentration of the internal solution was 1 mol/l. Clotrimazole (1 mol/l) and 1-ethyl-2-benzimidazolone (1-EBIO; 50 mol/l) were dissolved in DMSO, added to the standard extracellular solution, and applied for a time period of 2 and 10 min, respectively. The final DMSO concentration was Ͻ0.1%. A multibarrel application pipette with a tip diameter of ϳ100 m was used for test substance application close to the recorded cell. Recordings were analyzed using FitMaster and Origin 7.5 software.
Statistical analysis. Data are given as means Ϯ SE. Statistical differences were determined with Student's t-test where applicable (P Ͻ 0.05).
RESULTS
In a first set of experiments, we performed whole cell patch-clamp experiments to test whether the newly generated hK Ca 3.1 channels were functionally expressed in cell cultures. To this end, we used transiently transfected HEK293 cells. The results of these experiments are summarized in Fig. 2 , A-D. Cells expressing hK Ca 3.1 channels with an intracellular V5 tag and an extracellular HA tag in the S3-S4 linker were held at a potential of Ϫ44 mV and challenged by repetitive ramps of 5-s duration from Ϫ84 to ϩ56 mV. The current traces resulting from such voltage ramps are shown in Fig. 2A (hK Ca 3.1-V5/ pcDNA6.2) and Fig. 2C (hK Ca 3.1-HA-S3_S4/pcDNA3.3-TOPO). Under control conditions, the current reverses close to Ϫ30 mV. 1-EBIO leads within 5 min to a strong increase of the current amplitude and a shift of the reversal potential to more negative values, which is indicative of the activation of K ϩ channels. That clotrimazole (1 mol/l) almost completely reverses the effects of 1-EBIO is consistent with hK Ca 3.1 channels underlying the observed current response. The reversal potential of the 1-EBIO-sensitive current is negative to Ϫ80 mV. Figure 2 , B and D, shows the mean currents measured at ϩ56 mV. 1-EBIO causes an increase in current amplitude by 147 Ϯ 32% (n ϭ 5; P Ͻ 0.05; determined 10 min after substance application) and by 77 Ϯ 14% (n ϭ 7; P Ͻ 0.01; determined 2 min after substance application) in hK Ca 3.1-V5 (Fig. 2B) and hK Ca 3.1-HA-S3_S4 (Fig. 2D) , respectively. The increase in current amplitude is not statistically different for both channel constructs. Wash in of the K Ca 3.1 blocker clotrimazole in the presence of 1-EBIO reduces current amplitudes to levels undistinguishable from those under control conditions (hK Ca 3.1-V5: 104 Ϯ 16%, n ϭ 5; hK Ca 3.1-HA-S3_S4: 105 Ϯ 7%; n ϭ 7). Taken together, the patch-clamp experiments clearly show that the introduction of V5 and HA tags does not impair the insertion of functional channels into the plasma membrane. We could then proceed to the immunolabeling of hK Ca 3.1 channels.
We had previously demonstrated that hK Ca 3.1 channels can bind only one QD-conjugated antibody at a time to their extracellular part (20) . In the next series of experiments we tested whether this is also the case for the intracellular COOH terminus of hK Ca 3.1. Employing dual-color staining we counted 93.2 Ϯ 2.1% of the hK Ca 3.1 channels being labeled exclusively with either red or green QDs (n ϭ 10 MDCK-F cells from N ϭ 3 experiments). Only 6.8 Ϯ 1.3% of the channels bound two QD-conjugated antibodies at a time and appeared "yellow". Thus, the relative frequency of red, green and "yellow" labeling of the intracellular part of hK Ca 3.1 channels is undistinguishable from that of the extracellular part. These results are consistent with the notion that both the intracellular and the extracellular sides of hK Ca 3.1 channels are able to bind only one QD-conjugated antibody at a time. Consequently, dual-color labeling of heterotetrameric channels can only be performed when the channel protein has distinct antibody binding sites at its extra-and intracellular parts.
Next we determined the densities of HA-tagged and V5-tagged channels in MDCK-F cells, coexpressing the two channel subunits, by separate staining. We counted 1.05 Ϯ 0.05 HA-tagged channels per m 2 (corresponding to 53% of all QD labels) and 0.91 Ϯ 0.03 V5-tagged channels per m 2 (corresponding to 47% of all QD-labels). In transiently transfected HEK293 cells (n ϭ 12) we counted 0.76 Ϯ 0.07 and 0.67 Ϯ 0.08 HA-tagged and V5-tagged channels per m 2 corresponding to 53% and 47% of all labels, respectively. Using these relative densities of HA-tagged and V5-tagged channels, we can calculate the expected distribution of red and green QDs in our heterotetrameric hK Ca 3.1 channels, by employing the following binomial equation:
HA 4 and V5 4 correspond to homotetrameric HA-or V5-tagged channels, respectively, and 4·HA
represents heterotetrameric channels of different subunit composition. The applicability of this equation requires the labeling of each epitope with one specific color (HA: red QD6555, V5: green QD565) and an unhindered mixing of the heteromeric subunits with each other. We had determined the relative densities of HA-and V5-tagged channels to be 53% and 47%, respectively. Solving Eq. 1 with the values for MDCK-F cells would yield 7.9% of red and 4.9% of green channels representing homotetrameric channels exclusively composed of HA-or V5-tagged subunits, respectively, and 87.2% of "yellow" channels representing every possible combination of the two differently tagged subunits, forming a heterotetrameric hK Ca 3.1 channel. The expected values for HEK293 cells would be 7.8% of HA-tagged, 4.9% of V5-tagged, and 87.3% of heterotetrameric channels. We tested this assumption by staining consecutively the extracellular HA epitope with red QDs and, after permeabilization, the intracellular V5 epitope with green QDs (Fig. 3) . To assure that the anti-HA antibody exclusively binds to the extracellular HA epitope, we always performed control experiments in parallel, in which we employed an anti-␣-tubulin antibody before permeabilization. hK Ca 3.1 channel labeling was only analyzed when ␣-tubulin staining was negative. The overall number of hK Ca 3.1 channels (red ϩ green ϩ "yellow") amounts to 1.34 Ϯ 0.27 channels per m 2 (n ϭ 10 MDCK-F cells from N ϭ 3 experiments), in which 0.37 Ϯ 0.08 channels per m 2 are stained only with red QDs, 0.33 Ϯ 0.11 channels per m 2 only with green QDs, and 0.64 Ϯ 0.13 channels per m 2 appear "yellow." Thus, our technique allows the detection of heteromeric hK Ca 3.1 channel proteins.
However, the theoretical considerations from Eq. 1 do not conform to the experimental results. As depicted in Fig. 4 , we found a much lower percentage of "yellow" channels than expected. Only 47.6 Ϯ 3.2% of the labeled channels were stained with red and green QDs simultaneously, thereby corresponding to heterotetrameric hK Ca 3.1 channels. Moreover, the frequency of single red and green QDs representing homotetrameric channels also varied drastically from the values predicted by Eq. 1: 27.5 Ϯ 1.8% of the labeled channel proteins were exclusively stained with red and 24.9 Ϯ 2.1% with green QDs, respectively. We obtained a similar result in HEK293 cells: 34.3 Ϯ 6.3% homomeric channels composed of HA-tagged subunits and 22.2 Ϯ 8.4% homomeric channels made up of V5-tagged subunits; 43.6 Ϯ 5.1% of the channels in HEK293 cells were "yellow" heterotetramers.
These findings indicate that the assembly of the channel subunits does not occur as randomly as predicted by Eq. 1, according to which all subunits assemble independently. Our observations rather suggest that our heterotetrameric hK Ca 3.1 channels are put together from homodimers of HA-and V5-tagged subunits. Such conclusion is supported by applying the binomial Eq. 2 and excluding the mixing options of uneven numbers of the differently tagged subunits (1 HA-tagged ϩ 3 V5-tagged subunits; 3 HA-tagged ϩ 1 V5-tagged subunits):
HA 2 and V5 2 correspond to homotetrameric channels composed of two HA-tagged or two V5-tagged homodimers, respectively, and 2·HA·V5 represents heterotetrameric channels composed of exactly one HA-and one V5-tagged channel homodimer.
When solving Eq. 2 with the experimentally determined relative frequencies (53% for HA and 47% for V5 in MDCK-F cells), we come up with a distribution of 49.8% "yellow" QDs, 28.1% red QDs, and 22.1% green QDs. This conforms almost perfectly to our experimental results with 47.6%, 27.5%, and 24.9% of yellow (ϭ heterotetrameric), red and green (ϭ homotetrameric) hK Ca 3.1 channels in MDCK-F cells, respectively. The results obtained in transiently transfected HEK293 can also be explained by applying Eq. 2. The theoretically expected values are 28% HA-tagged and 22% V5-tagged homotetramers as well as 50% heterotetramers. They are also in good agreement with the experimental values of 34.3% and 22.2% of homotetramers and 43.6% of heterotetramers.
Such a model (Fig. 5) would also account for the differences in overall channel density when HA-and V5-tagged channels in MDCK-F cells were stained separately (HA ϩ V5 ϭ 1.05 ϩ 0.91 ϭ 1.96 channels/m 2 ) or when all channels were stained simultaneously (double labeling: 1.34 channels/m 2 ). The explanation is the following. ϳ50% of the channels are heterotetramers and ϳ25% are HA-or V5-labeled homotetramers, respectively. Heterotetrameric channels, however, are counted twice, so that the density of 1.96 channels per m 2 corresponds to 150% of all channels. Hence, the "true" density (100%) deduced from separately staining HA-and V5-tagged hK Ca 3.1 channels amounts to ϳ1.3 channels per m 2 . This value fits nicely to the value determined by simultaneous dual-color staining.
DISCUSSION
It has been reported that tetrameric K ϩ channels are structurally composed by two dimers of dimers (15, 29, 31) and functionally activated through dimerization of the COOHterminal tails of two channel subunits (35) . Molecular dynamics simulations further suggest that tetrameric inwardly rectifying potassium channels K ir 3.1 and K ir 6.2 undergo a transition from tetrameric to a dimer-of-dimers symmetry, playing a role in channel gating (5) . It has recently also been shown that tetrameric Ca 2ϩ -release-activated Ca 2ϩ (CRAC) channels are formed by Stim-induced dimerization of Orai dimers in the plasma membrane (23) . Finally, biochemical evidence was provided for the existence of dimers of K Ca 2 channels that are closely related to K Ca 3.1 channels (32) . Accordingly, our findings are consistent with the idea that hK Ca 3.1 channels are also being assembled from homodimers. Heteromeric dimers of differently tagged subunits are apparently not produced, since the quantity of "yellow" QDs, representing heteromeric dimers and consequently heterotetrameric hK Ca 3.1 channels, would in this case reach much higher numbers of almost 90%. Since we observed the same behavior in MDCK-F as well as in HEK293 cells it is unlikely that it reflects an artifact related to the expression system. K ϩ channel subunits contain an assembly domain that emerges from the ribosome before transmembrane segments. Since the assembly domains oligomerize with high affinity, subunits are assembled as soon as protein synthesis is completed (25) . In K V 7.1 channels a COOH-terminal domain was described to undergo concentration-dependent self-association to form a dimer of dimers (34) . Another possibility for the formation of hK Ca 3.1 channel dimers could be an interaction with chaperones early on in the maturation and folding process. Such a role has recently been shown for the chaperone ERp57 that promotes homodimerization of angiotensin II receptors type 1 (6) . It is known that the synthesis and the trafficking of tetrameric hK Ca 3.1 channels from the endoplasmic reticulum to the cell membrane depend on functional leucine zipper domains, either at the COOH or NH 2 terminus of the protein (12, 30) . Although so far it is not clear whether the leucine zipper is involved in hK Ca 3.1 channel subunit dimerization, such a role for a leucine zipper was reported for the adaptor protein c-Cbl (2) . In light of these findings related to the assembly of ion channels and other membrane proteins, the homodimerization of our differently tagged hK Ca 3.1 channel subunits is not unexpected.
With our technique it is therefore not only possible to successfully detect heteromeric K ϩ channels on the single molecule level. It also provides insight into the mixing ratios of the different subunits. We anticipate that it can be used for other multimeric ion channels and membrane-bound proteins as well. The only prerequisite for the application of our technique to other membrane protein complexes would be the availability of antibodies directed against intra-and extracellular domains of the respective subunits.
